Patterning events along the anterior-posterior (AP) axis of vertebrate embryos result in the distribution of muscle and bone forming a highly effective functional system. A key aspect of regionalized AP patterning results from variation in the migratory pattern of somite cells along the dorsal-ventral (DV) axis of the body. This occurs as somite cell populations expand around the axis or migrate away from the dorsal midline and cross into the lateral plate. The fate of somitic cells has been intensely studied and many details have been reported about inductive signaling from other tissues that influence somite cell fate and behavior. We are interested in understanding the specific differences between somites in particular AP regions and how these differences contribute to the global pattern of the organism. Using orthotopic transplants of segmental plate between quail and chick embryos, we have mapped the interface of the somitic and lateral plate mesoderm during the formation of the body wall in cervical and thoracic regions. This interface does not change dramatically in the mid-cervical region, but undergoes extensive changes in the thoracic region. Based on this regional mapping and consistent with the extensive literature, we suggest a revised method of classifying regions of the body wall that relies on embryonic cell lineages rather than adult functional criteria. q
Introduction
The elements of the axial and appendicular skeletons of vertebrate embryos are formed from two distinct embryonic cell populations. The axial skeleton derives from the somitic mesoderm, whereas the appendicular skeleton arises from the lateral plate mesoderm. In contrast, all of the striated muscles of both axial and appendicular systems are of somitic origin. During development, somite derived myoblasts migrate away from the dorsal midline and infiltrate into the somatic lateral plate mesoderm (referred to here simply as LP). An important aspect of the anterior-posterior (AP) regionalization of the vertebrate body is generated by different dorsal-ventral (DV) behavior of somites at each axial level. This DV pattern is a necessary element in the coordination of the two mesodermal populations and ultimately the axial and appendicular systems.
There are a wealth of classical and molecular genetic studies exploring the behavior of somite cells (see review of classical studies by Gumpel-Pinot, 1984 ; more recent work reviewed by Stockdale et al., 2000) . These studies generally target somites at specific AP levels. For instance brachial level somites that give rise to limb muscles (i.e. Christ et al., 1977) or thoracic somites that give rise to the ribs (i.e. Sudo et al., 2001) . In this paper we systematically map the interface between the somitic and lateral plate mesoderm, here termed the lateral somitic frontier, and explicitly compare the pattern of somite behavior in cervical versus thoracic regions in order to more fully understand both independent and coordinated aspects of global patterning. The expansion of somitic and lateral plate domains in the mid-cervical region changes significantly through the stages studied. However, the lateral somitic frontier, the interface between somitic and lateral plate mesoderm, and specifically the degree of mixing between these cell populations remains relatively uniform. In contrast, during morphogenesis of the thoracic region both the expansion and the interface between the mesodermal domains changes dramatically.
The comparison of the different patterns observed at different anatomical levels highlights significant differences in how mesodermal cells mix in the body. The terminology generally employed to describe the body wall (i.e. epaxial and hypaxial, see Section 3) does not reflect these differences. We have therefore developed exclusively embryonic criteria to describe the developing body wall. This terminology is not meant to replace existing terms as they are not equivalent. Rather it serves to define regions that hold significance for specifically embryological events such as pattern formation.
Results
Orthotopic transplants of segmental plate from quail to chick were performed at both cervical and thoracic levels to map the location of the lateral somitic frontier at each axial position. A total of 87 surgeries were performed, with 86% survival and 48% showing good graft incorporation.
In general, graft incorporation was complete and graft cells were present in all subpopulations of the somite (sclerotome, dermis, myotome). The transplanted cells rarely crossed the midline of the embryo, with the exception of presumptive perineural vascular precursors that occasionally migrated to the contralateral side of the neural tube as reported by others (Wilting et al., 1995) . On several occasions, quail contribution was diminished in the sclerotomal derivatives adjacent to the notochord. This was likely due to incomplete removal of the medial segmental plate from the host. Occasionally, quail cells were detected in the pronephros indicating that a portion donor intermediate mesoderm was included in the graft.
In all transplants, some scattered quail cells were observed in the lateral plate mesoderm. The quail specific endothelial cell marker, QH1, identified these cells as endothelial (Figs. 1c, d, 3c, d and 8) . At both cervical and thoracic levels, endothelial cells appeared to migrate into the LP mesoderm from the somite earlier than presumptive myoblasts and were more randomly scattered than myogenic cells.
Charting the lateral somitic frontier
To further visualize the distribution of quail and chick cells we assessed whether the surrounding connective tissues of specific tissues at the graft site were quail (somite) or chick (LP) using DAPI staining. Some chick cells were identified in quail somite territory but these were incorporated into vessel like structures, and were likely to be endothelial cells.
Orthotopic surgeries from chick to quail made it easier to observe lateral plate (quail in this case) connective tissue and served as another control for the position of the frontier. The frontier location was similar to that in quail to chick transplants (data not shown). We observed quail endothelial cells that had migrated medially into the chick somite domain, presumably from the LP as reported by others (Pardanaud and Dieterlen-Liévre, 1993) .
In sections of orthotopic quail-chick chimeras, a clear line where a solid population of quail cells ends and a region where quail somitic cells begin to intermingle with chick derived LP clearly visible. This is the border we call the lateral somitic frontier which changes through the course of development as the embryo grows to form mature anatomical structures. In the figures we have traced the lateral somitic frontier with a broken line.
At the surface, the frontier was easily identified and corresponded well to the original boundary between somite and LP tissue, which is marked by a divot in the surface ectoderm.
Cervical orthotopic transplants
At Day 4, the frontier extended in a nearly straight line from the ventral edge of the notochord out to the surface ectoderm (arrow, Fig. 1a ). The location of the lateral somitic frontier was verified by DAPI staining (Fig. 1b) . Many QH1 positive endothelial cells have crossed the frontier (Fig.  1c,d) . The frontier was similar in day 5 chimeras (arrow, Fig. 1e ). However, it was difficult to find any non-endothelial quail cells in the chick lateral plate from day 5 onward.
At day 6, the lateral somitic frontier was still a cleanly defined, relatively straight line (Fig. 1f,g ). At this stage, muscle and cartilage anlage could be identified. A number of cells were observed crossing the frontier, all of which label with QH1 endothelial marker (not shown). All muscles were forming dorsal, or medial to the frontier, from quail cells.
At day 8, the profile of the lateral somitic frontier remained relatively straight from the midline to the surface ectoderm ( Fig. 2a-c) . Differentiated muscle and cartilage were now apparent. Musculoskeletal structures that lie dorso-medial to the frontier included the vertebra, and the following muscles: m. longus colli dorsalis, m. ascendens cervicalis, m. intertransverarii, and m. longus colli ventralis (Fig. 2b) .The hypaxial muscle m. cucullaris was easily identified in the ventral-most LP tissue that comprised the ventral wall of the neck (Fig. 2a) . With the exception of this muscle, all of the cervical muscles observed at this axial level developed dorso-medial to frontier, within somite-derived connective tissue (see Section 3).
Thoracic orthotopic transplants
Thoracic region transplants concentrated at the level of somites 20-25 (stage 12-13). Of 35 surgeries performed, 30 survived and 18 showed graft incorporation. As in cervical transplants, embryos were fixed at several times postsurgery to follow the lateral somitic frontier position over time. The frontier in the thoracic region is more complex than in the cervical region. Many endothelial cells were seen crossing the frontier into the LP.
On day 4.5, the frontier at the surface ectoderm appeared as a clear line between quail somitic cells and chick derived LP cells (Fig. 3a) . However, unlike the cervical level, the lateral somitic frontier in the trunk was no longer a straight line extending from the midline out to the surface. In the deep tissue, a portion of the quail somite penetrated into the chick LP. This expanding 'bud' was made entirely of quail derived cells (Fig. 3a,b) . The absence of chick LP cells in this extension was supported by DAPI counter-stain of the same section (Fig. 3b) . The frontier now surrounded this expanding cell population and is represented by a broken red line (Fig. 3a) . Distally a number of quail endothelial cells crossed the frontier (purple, Fig. 3c,d) .
At day 5.5, the superficial lateral somitic frontier remained at the surface remnant of the original somite-LP boundary, visible as a distinct border between quail somitic cells and chick LP cells (Fig. 4a ,b,e,f). At this stage, the profile of the frontier was even more complex. At this stage it is difficult to confidently define costal versus intercostal levels because of a lack of differentiation and because the segmentation is not in orthologous relationship to the AP axis. However, we describe two distinct phenomena at the frontier.
At the level illustrated in Fig. 4a -d, the expanding somitic population now extends deeper into the original lateral plate territory. Throughout this expanding bud, the cells were all of quail origin ( Fig. 4a ,b) as verified by DAPI staining, no chick cells were observed in the bud (Fig. 4c) . At the distal tip of the expanding bud, quail cells crossed over the frontier and mixed with chick LP cells (bracket, Fig. 4b ,c). The broken red line traces the expanding frontier ( Fig. 4a,b) . The mixed quail-chick population is predicted to form the pectoralis and/or abdominal muscles. At this time, few myoblasts were present in this expanding bud as identified by MF20 muscle staining (Fig. 4d ). This indicates that the plane of section was through the developing rib. A few quail cells were scattered away from the presumptive muscle precursors and were predominantly endothelial (data not shown).
In the other profile shown in Fig. 4e -h, the lateral somitic frontier was quite different. At the surface, the frontier was similar to the rib level and remained at the initial boundary between paraxial and lateral mesoderm (arrow, Fig. 4e ,f). At deeper levels the somitic domain impinged only slightly on the LP (red line). Quail cells migrated extensively past the frontier into chick LP territory as single cells or clusters of cells (Fig. 4e ,f bracket,g). Many more MF20 positive myoblast cells were scattered within this migrating population (Fig. 4h) . The bulk of these cells are again presumed to contribute to the pectoralis and other body wall muscles.
Many muscle precursor markers, including MyoD appear in stripes reflecting sub-portions of each somite and a segmental expression pattern (Fig. 4i ). This segmentation is only found in the dorsal aspects, and the distal edges of the migrating myotomes lose their overt segmentation (Fig. 4i, arrows) . This homogeneous expression correlates with cell mixing as somite cells cross the lateral somitic frontier into the LP at both rib and intercostal levels (see Section 3). At day 6.5 ( Fig. 5a-f ), the pattern of the lateral somitic frontier was similar to the earlier stages. Again cells at the frontier behave differently at presumptive rib versus intercostal planes of section. At the presumptive rib level , the rib anlage continued to expand into LP territory. At the distal tip of the rib condensations, there are a small number of quail cells that have migrated across the frontier presumably contribute to ventral abdominal muscles (bracket, Fig. 5a,b) .
At the level of the presumptive intercostal muscles ( Fig.  5d-f ), the frontier bulged slightly as the quail/somite domain impinged on the chick LP. Ventral to the frontier, there is a large population of quail cells mixed with chick presumptive connective tissue cells (bracket, Fig. 5d,e) .
At day 7.5, the lateral somitic frontier was distinct at the surface of the embryo (Fig. 6A-C) . Differentiated muscle and cartilage were now present, allowing definitive identification of costal and intercostal levels. In all sections, the vertebrae, paravertebral muscles and muscles of the back lie dorso-medial to the lateral somitic frontier. The pectoralis and other body wall muscles are made-up of quail cells mixed in chick connective tissue and are ventro-lateral to the frontier (Fig. 6A,a 0 ,B,b 0 ).
At the level of the rib (Fig. 6A ,a 0 ), the entire vertebral rib (vr) and associated connective tissues are quail derived. This coherent population of quail tissue extends into the chick lateral plate, but no chick cells are included (Fig. 6a  0 ) . The lateral somitic frontier traces around the distal tip of the vertebral rib. In sections through the intercostal muscle (Fig. 6C ,c 0 ) the quail/somitic domain does not extend so far into the flank, as in earlier stages. Definitive muscles are now present, comprised of quail muscle cells mixed extensively with presumptive connective tissue from the chick. This is very obvious in the pectoralis muscle, as well as the teres major (Fig. 6C,c  0 ) . The sternum is clearly chick derived as previously reported (Fell, 1939) , and the muscles inserting on the sternum are a mixture of quail and chick cells. Several steps were taken to verify that the connective tissues around vertebral rib and sternal rib are of different cell lineages. In frontal sections through a thoracic level transplant embryo, the vertebral rib as well as the tenascin positive connective tissue are QCPN positive cell populations ( Fig. 7a-c) . In the same specimen, more ventral sections through the sternal rib show chick connective tissue surrounding the sternal rib (Fig. 7d,e) . The distinct difference in connective tissue lineage between vertebral and sternal rib is also shown in Fig. 7f ,g, a cross-section with alcian blue-stained cartilage of vertebral and sternal ribs that develop from somite derived quail cells. The connective tissues surrounding the vertebral rib are clearly quail as compared to the cells surrounding the sternal rib which are clearly chick. This indicates that the frontier runs between the vertebral and sternal ribs.
Differences in somitic contribution to vasculature dorsal and ventral to the frontier are also observed at different axial levels, as shown by QH1 staining (Fig. 8a,b) . At the cervical level, most of the somite derived endothelial cells are medio-dorsal to the frontier (Fig. 8a) . At thoracic levels, however, there is massive invasion of the LP by quail (somite derived) endothelial cells while few quail endothelial cells remain in the quail/somite region (Fig. 8b) .
Confocal microscopy of myoblasts in wild-type embryos
The differences in migratory pattern at different somitic levels within the thoracic region can also be visualized with antibodies labeling muscle precursors. At the cervical level, both differentiated and migratory myoblast populations, labeled with MF20 and Pax7, respectively, show relatively minor expansion of the somitic domain and the lack of cells crossing the lateral somitic frontier (compare Figs. 1e and 9a) . Additionally the labeling of the two myoblast populations overlapped each other almost entirely including at the ventral edge.
In contrast, at the thoracic level two distinct patterns of dermomyotome migration and differentiation were observed. By stacking optical sections, a full picture of the presumptive intercostal level can be constructed. This clearly showed the penetration of the LP by the 'muscle bud', complete with a leading epithelial 'cap' expressing Pax7 but not MF20 (Fig. 9b) . In this region there was a close overlap of the MF20 and Pax7 labeled populations. In alternate sections that lack this epithelial cap, there was still a loose array of Pax7 positive cells that extend into the LP (Fig. 9c, arrow) . These cells are presumed to be the same as those indicated by the bracket in Figs. 4 and 5.
Differential expansion of the lateral somitic frontier is not due to mitotic activity
The following system of landmarks was used to chart the changes in the topography of the lateral somitic frontier at different axial levels and at different time points in development (Fig. 10) . A line representing the vertical midline was drawn through the neural tube to the ventral surface of the notochord (point A). The position of the lateral somitic frontier was marked at the surface of the embryo (point B). The angle ('primaxial expansion angle') formed by a straight line from point A to point B and the vertical midline was measured for each specimen. This measurement serves as a general reference point used to compare the location of the frontier in different specimens and axial levels. It is not meant to be a quantitative measurement.
The general trend revealed by mapping of the lateral somitic frontier in the cervical region shows that the somitic domain expands early in development out to an angle of approximately 1148 (Fig. 10b) . As the somitic tissue matures, this domain retracts back towards the dorsal midline to a great extent, as represented by the decrease in the expansion angle to approximately 508 (Fig. 10c) . The position of the superficial lateral somitic frontier in the thoracic region however, is more stable, measuring approximately 758 in all specimens (Fig. 10d-f) . The deep lateral somitic frontier in the thoracic region continues to expand away from the midline even as the superficial frontier remains steady.
To investigate a possible mechanism for these differential amounts of expansion at the cervical level at different times in development, the mitotic index was measured. Mitotic indexes were determined for day 4, 5, 6 and 7 embryos for both the somitic and LP domain tissues (either side of the frontier) in cervical and thoracic regions. The data were graphed (not shown) and examined for differences over time as well as between axial positions. Because of the very low number of mitotically active cells in all specimens, the standard deviations calculated were very high, indicating no statistical significance in any of the situations examined. Thus the differential expansion of the somite vs. LP domains does not appear to be controlled by differential mitosis. results from variation in the migration and ultimate distribution of cells along the dorsal-ventral (DV) axis. This occurs as cell populations in the somites expand around the axis or migrate away from the dorsal midline, crossing into the lateral plate to produce the bulk of the appendicular muscles and effect closure of the body wall at the ventral midline.
Many studies have addressed issues of patterning in the mesoderm, especially in the somites and have described and discussed details of molecular and lineage compartmentalization of individual somites (cf. Ordahl and Williams, 1998; Huang and Christ, 2000; Pourquie et al., 1996; OliveraMartinez et al., 2000) . However, these studies focus on highly localized phenomena within individual somites, and do not compare behavior of somitic cells at different axial levels. Because the somites behave differently at each AP level, a comparative approach is necessary to allow understanding of global patterning.
Compartmentalization of the somite and classical definition of muscle groups
The muscles of the vertebrate body have traditionally been grouped into two domains, epaxialand hypaxialthat also describe the regions the muscles occupy. The classification is based on a positional relationship to the horizontal septum (retained in fishes and some amphibians), and the innervation of the resident muscles. Epaxial muscles are innervated by the dorsal rami of the spinal nerves and lie above the horizontal septum; hypaxial muscles are innervated by ventral rami of the spinal nerves and lie below the horizontal septum (Romer, 1970 ; reviewed by Spörle, 2001 ). Thus, the terms epaxial and hypaxial are defined by adult positional and functional criteria.
To more fully describe changes in the distribution and mixing of somitic and lateral plate cell populations, we have defined two domains of the body wall based on embryonic criteria, i.e. the source of the contributing cells. These domains are divided by the lateral somitic frontier. In the post-neurulation embryo, there is a clean division between somitic and lateral plate mesoderm, this is the original position of the lateral somitic frontier. As development proceeds, some somitic cells cross into the lateral plate to eventually form structures in the context of lateral plate derived connective tissue. The frontier marks the original mesodermal boundary that has now been transgressed by a specific population of somitic cells. We propose the terms primaxial and abaxial to define these domains (previously called dorsal and ventral compartments, respectively in Nowicki and Burke, 2000) . Primaxial refers to areas that are comprised of somitic cells only, the abaxial domain contains somitic cells migrating and mixing with lateral plate cells. Based on the results presented here and consistent with data from many previous studies, the primaxial domain is comprised of the vertebrae and paravertebral muscles, as well as the vertebral ribs and intercostal muscles. The abaxial domain includes the limbs and most of their musculature, the sternal component of the ribs, the sternum, and the ventrolateral muscles of the body wall.
The terms primaxial and abaxial are not equivalent to epaxial and hypaxial and the lateral somitic frontier does not separate hypaxial from epaxial structures. A significant proportion of hypaxial muscles, for instance the intercostal muscles, form as coherent expansion of the somitic cell population that form epaxial structures (i.e. vertebrae and deep back muscles). These coherent blocks of somitic cells, uninterrupted by cells from the lateral plate, define the primaxial domain. The terms epaxial and hypaxial are used by many authors in studies of somite development and are also employed to describe and interpret data related to somite patterning (cf. Ordahl, 1993; Ordahl and Williams, 1998; Wilson-Rawls et al., 1999) . Although this system is useful and appropriate in many situations, these categories do not take into consideration the embryonic context in which specific structures develop.
Spatial and lineage based compartments in individual somites have been identified, some of which predate actual segmentation. The medial and lateral halves of presomitic mesoderm are derived from distinct cell populations migrating through the primitive streak (Selleck and Stern, 1991) . Ordahl and Le Douarin (1992) determined that medial half of the epithelial somite produces all of the epaxial muscles while the lateral half produces hypaxial muscles. Working at earlier stages, Olivera-Martinez et al. (2000) showed that the medial half of the presegmental mesoderm gives rise to the vertebra, the proximal rib, muscles described as epaxial, and the entire dorsal dermis. The lateral half somite derivatives were mapped only to the distal portion of the rib and the intercostal muscles. Further, they describe the dorsal dermis meeting the lateral plate dermis at a "sharp and physically identifiable notch in the ectoderm" marking the back/flank border (Olivera-Martinez et al., 2000) . Huang and Christ (2000) also recognized this border as an ectodermal thickening or "furrow", which they describe as marking the border between epaxial and hypaxial regions. Sudo et al. (2001) also refers to this location as the "ectodermal furrow".
We have shown here that this landmark marks the original, superficial position of the lateral somitic frontier representing the boundary between primaxial and abaxial domains (arrow in Figs. 1a and 3a) . The frontier is an embryonic feature, the site of both passive and active morphogenetic events. Full AP regionalization of the body is achieved by different migratory behavior of cells at the frontier at various points along the axis. Much is known about local molecular mechanisms that influence this behavior (reviewed by Dietrich, 1999) . We suggest that a fuller description of the distribution and behavior of somitic cells at different axial levels will enable easier interpretation of gene activity and patterning events.
The experimental results of the papers cited above suggest that the medial portion of the segmental plate gives rise to all of the primaxial domain cells whereas the lateral segmental plate gives rise to the somitic derivatives in the abaxial domain. However, as will be discussed below, the significance of the frontier goes beyond the lineage of cells in the segmental plate, and represents two distinct and potentially independent compartments for global patterning of the body.
3.3. Topography of the lateral somitic frontier 3.3.1. Cervical region: primaxial and abaxial
As summarized schematically in Fig. 11 , the lateral somitic frontier in the mid-cervical region (so. 9-14) maintains a linear profile. The primaxial domain expands early in development and retracts back toward the midline as development progresses (compare D in Fig. 11a,b) . The majority of cervical muscles lie in the primaxial domain (Fig. 2b) . The m. longus colli ventralis (Fig. 2b) is hypaxial by innervation, but it forms within the primaxial domain with all of the epaxial muscles. At differentiation, the primaxial domain remains relatively minor and the majority of the neck is formed by lateral plate derived dermis (Fig. 2b and Fig. 11, section D) .
It is important to note that the m. cucullaris, the only muscle seen in our sections of the cervical abaxial domain, arises from cells of the first and second somites that migrate posteriorly through the lateral plate (Huang et al., 1997 (Huang et al., , 2000a . From the somites at the level of the surgeries performed here, only a very small number of muscle precursor cells are observed in the abaxial domain (arrows, Fig.  1d ). This is consistent with the absence of these migrating cells in MF20/Pax7 labeled sections (Fig. 9a) . These cells were not found in significant numbers in more posterior sections and their fate remains unknown though it is possible that they contribute to cutaneous muscles.
The differential expansion of the primaxial domain of the cervical region was determined to be independent of mitosis-there was no significant difference in rates of cell proliferation in the dermis on either side of the frontier. Several other mechanisms could be responsible for this phenomenon. Extracellular matrix, for instance, may be involved in controlling the amount of expansion in the primaxial and abaxial domains.
Thoracic region: primaxial
In the thoracic region, the lateral somitic frontier is far more complex, as the cartilage and musculature of the body wall accommodates the contents of the thoracic cavity. In addition, many appendicular muscles originate on thoracic vertebral processes and insert on girdle or limb skeletal elements. This bridge between the axial and appendicular systems is not specifically addressed here, as we focus on the pattern of somite contribution to the rib cage. The lateral somitic frontier in this region is summarized schematically in Fig. 11 . At the ectodermal surface of the embryo the primaxial domain expands but not to the extent that it does at cervical levels (Fig. 10) . In the deep tissue, however, the thoracic primaxial domain expands extensively and begins to tunnel into the LP mesoderm by extending buds of somitic tissue. These buds are called 'muscle plates' or 'muscle buds' in the older literature (e.g. Goodrich, 1930) or more recently simply the 'somitic bud' (Spörle, 2001) . We demonstrate that these buds expand as cohesive extensions of the somites, and the lateral somitic frontier is shifted ventrally by their expansion. Thus while the lateral somitic frontier is quite close to the notochord at early stages, the expansion of primaxial tissues pushes its profile in the deeper tissue towards the ventral midline.
The AP polarity of individual segments is reflected in the progress of the lateral somitic frontier. The rate of the ventral ward expansion appears to differ at presumptive costal and intercostal levels within individual segments. Because cross sections through the embryo at these stages cut across at least two adjacent segments, is not possible to assign strict identity to individual 15-mm sections. In whole mount the presumptive intercostal muscles can be visualized by in situ hybridization to MyoD (Fig. 4i) . By comparison of paraffin sections (Figs. 4 and 5) with confocal images of stacked optical sections labeled with MF20 and Pax 7 (Fig. 9b,c) , it appears that the primaxial population that will give rise to the proximal bulk of the (hypaxial) intercostal muscles, expands in advance of the primaxial intercostal population. The epithelial cap of this muscle bud is positive for Pax 7, but not MF20 (arrow in Fig. 9b ) indicating its undifferentiated state. In sections between these presumptive intercostal muscles (i.e. Fig. 9c ) there is a loose array of Pax7 positive cells that have apparently infiltrated the LP. This cell population is equivalent to the grafted somitic cells that have crossed the frontier in Figs. 4 and 5. They will give rise to abaxial muscle and cartilage (see below).
The somitic sub-population that forms the ribs has been the subject of some debate. Kato and Aoyama (1998) suggest by dermomyotome manipulation that the ribs are derived from the dermomyotome. Huang et al. (2000b) , however, used a combination of dermomyotome and sclerotome manipulations to show that the ribs arise from the sclerotomal population. Though clearly an important issue to resolve, it is only relevant to this study that cartilage cells of both vertebral and sternal ribs arise from the somite (Pinot, 1969; Sudo et al., 2001 ).
Thoracic region: abaxial
At approximately H&H (according to Hamburger and Hamilton, 1951) stage 24-25 a number of non-vascular cells begin to break away from the ventral tip of the advancing thoracic somitic buds, and become migratory. These cells cross the lateral somitic frontier and mix with LP cells. They are identified as the migratory component of the 'hypaxial somite'(reviewed by Dietrich, 1999) , and have been especially well studied in the limbs/fins (i.e. Christ et al., 1977; Neyt et al., 2000; reviewed by Büscher and Izpisúa Belmonte, 1999; Haines and Currie, 2001 ). In the thoracic region, they have been shown to give rise to ventrolateral body wall muscles (Chevallier, 1979; Christ et al., 1983) . This abaxial population of somitic cells can be easily seen in different cross-sections, mixed extensively with cells of the lateral plate (Figs. 4 and 5) .
The cells that cross the frontier in the thoracic region include both muscle and cartilage precursors. It appears to be homogeneously distributed throughout the LP, losing the strict segmentation maintained by cells of the parent somites that remain primaxial. This homogeneous domain of expression is shown by many genes and proteins (e.g. MyoD, arrows in Fig. 4i ). Consistent with our observations, a recent study on sternal rib formation describes the expression of the cartilage marker cMfh-1 (Sudo et al., 2001 ). Expression of cMfh-1alternates with expression of the muscle marker, myogenin, in the proximal region of the penetrating somitic bud. However, its expression overlaps with myogeninexpression in the ventral-most tissues. This supports the idea that muscle and rib populations largely alternate within the expanding primaxial domain, but that the abaxial domain contains a less segmental mixture of both muscle and cartilage precursors from the somites (Fig. 11) .
Final position of the lateral somitic frontier
The final disposition of the lateral somitic frontier along the entire AP axis is not completely resolved. However, by eight days, or H&H stage 34, we can estimate its definitive position in the thoracic region. Within each rib segment the frontier lies at the junction of the vertebral and sternal rib (Fig. 11b, section A) . The cartilage of the vertebral rib is invested entirely in somitic connective tissue (Fig. 7a-c,f,g ). Further ventrally, the sternal rib is surrounded by LP connective tissue (Fig. 7d-g ) and thus differentiates within the abaxial domain. This boundary is consistent with data from other studies. In heterotopic transplants of segmental plate from thoracic to cervical regions, vertebral ribs form, but the sternal component of those ribs never appears (Kieny et al., 1972; Nowicki and Burke, 2000) . When barriers are placed between the early somites and the lateral plate at thoracic levels, the vertebral (primaxial) ribs form, but the sternal component is never present (Sweeney and Watterson, 1969; Sudo et al., 2001 ). In the barrier experiments, cells are prevented from crossing the lateral somitic frontier. The somite cells that would form the sternal ribs do not do so without interacting with the lateral plate. The transplant experiments indicate that the cervical lateral plate does not provide the necessary information to cells in the lateral somite. These cells therefore either do not cross the frontier, or if they do are not instructed to differentiate into the sternal ribs or the associated muscles.
As mentioned above, the primaxial and abaxial domains are different from the classically defined epaxial and hypaxial regions. We offer this new terminology to clarify strictly embryonic domains. This is especially important for making comparisons between different model systems such as zebrafish, chick and mouse. The lateral somitic frontier is the site of critical behavioral decisions on the part of somitic cells that differ dramatically along the AP axis as well as between taxa. We suggest that recognition of the lateral somitic frontier is important to fully understanding the genetic control of somite patterning and mechanisms that influence global patterning.
Experimental procedures

Surgeries
Fertilized chick (White Leghorn) and Japanese quail eggs were obtained from Truslow Farms (Chestertown, MD) and incubated at 37 8C. Embryos were staged according to Hamburger and Hamilton (1951) . Orthotopic transplants of segmental plate (SP) were performed at cervical and thoracic levels (refer to Table 1 ). Donor and host embryos were prepared as in Nowicki and Burke (2000) . Briefly, chick hosts were prepared in ovo by removing the anterior-most segmental plate (equivalent to approximately 4-5 somites) with tungsten needles and suction. Quail donors of equal stage were removed from their egg and the segmen-tal plate dissected away from ectoderm and endoderm. The grafts were labeled with Nile blue for orientation and then transferred to the chick host. After placing the graft in place of the excised SP of the host, the chick eggs were sealed and incubated for 1-8 days. Control host embryos with no donor tissue added were fixed immediately after surgery and sectioned to confirm the complete removal of SP tissue. Chick into quail segmental plate transplants were also performed to control for the position of the lateral somitic frontier.
Embryos were analyzed at embryonic days 4, 5, 6 and 8 (H&H stages 24, 26, 28, 33) for cervical specimens and embryonic days 4.5, 5.5, 6.5, and 7.5 (H&H stages 25, 27, 29, 32) for thoracic specimens. A minimum of two successful chimeras were analyzed for each stage.
Immunohistochemistry
In avian chimeras, the quail specific antibody QCPN (DSHB, 1:10) was used to detect quail cells in the chick environment (Schneider, 1999) . For analysis in section, embryos were fixed in Serra's, dehydrated and embedded in paraffin. Sections (12 mm) were cut using a Zeiss Microm. Sections were dewaxed in Hemo-De, rehydrated and incubated in primary antibody o/n at 4 8C. Positive cells were detected using HRP-conjugated 28 (Jackson Labs, goat anti-mouse IgG, 1:250.). Tenascin (DSHB, 1:100), MF20 (DSHB, 1:50), and QH-1 (DSHB, 1:200) labeling were performed as for QCPN but with 0.3 mg/ml NiSO 4 in the DAB solution to produce a purple precipitate distinguishable from the brown QCPN stain. Cartilage was stained with 0.1% Alcian blue for 3 min and rinsed. DAPI counter-staining was performed by rinsing slides in water, incubating in DAPI at 0.001 mg/ml for 5 min, rinsing excess and mounting in Glycergel (DAKO). This facilitated detection of scattered chick cells within quail tissue, since chick nuclei fluoresce after DAPI stain, whereas quail cells stained positively for QCPN do not. At least two successful chimeras were analyzed for each stage. Images were taken using a Spot RT camera (Diagnostic Instruments) and assembled with Adobe Photoshop 5.0.
Confocal microscopy on wild-type embryos
Chick embryos were fixed in 4% paraformaldehyde and dehydrated to methanol through PBT/methanol series. Whole-mount immunohistochemistry was performed as previously described (Nowicki and Burke, 2000) using MF20 and Pax7 (DSHB, 1:2) antibodies. Labels were detected using fluorescent goat anti-mouse secondary antibodies (Alexa Fluor 488 IgG2b and Alexa Fluor 546 IgG1, respectively, Molecular Probes, each at 1:200). Embryos were subsequently embedded in 5% agar and sectioned by vibratome at 300 mm. Z-series optical sections were compiled on a Zeiss LSM 510 laser confocal microscope using FITC and rhodamine filters. Images were assembled with Zeiss LSM 510 software. Figures were reassembled in Adobe Photoshop 5.0.
Calculation of mitotic index and cell densities
Control chick embryos from day 4-7 were cut into 6-mm paraffin sections and stained by immunohistochemistry (as above) using a phospho-histone specific antibody, AntiPhosphoHistone-H3 (Upstate Biotechnology: 1:300), to identify mitotically active cells. The sections were then counterstained using DAPI to identify all nuclei. Sections were then photographed. Ten fields of 2300 mm 2 were counted for each category. These fields of cells were (1) limited to connective tissue and (2) either totally in primaxial domain or totally in abaxial domain. The images were then superimposed with Photoshop, and counts were made for both total cell numbers and numbers actively dividing as shown by anti-phosphohistone positive label. The numbers were then averaged for each embryonic stage and each domain. The mitotic index is the number of dividing cells per total number of cells. Standard deviations were calculated and results were analyzed (not shown). 
